Abstract
IntRoductIon
Parkinson's disease (PD) is a progressive neurodegenerative disorder characterized by the death of dopaminergic (DA) neurons in the substantia nigra (SN) and formation of inclusions known as Lewy bodies (LBs), which primarily contain aggregated alpha-synuclein. [1] The cardinal symptoms of PD are the result of depletion of striatal DA due to neuronal loss in SN. The current therapeutic options are all targeted toward symptomatic relief, and no therapeutic modality can halt the neurodegenerative process.
To develop therapeutic strategies to halt or slow the neurodegenerative process, it is imperative that we understand the pathogenesis of PD. With the current state of knowledge, multiple pathological pathways such as oxidative stress, inflammation due to microglial activation, apoptotic pathway activation via Abelson (c-Abl), and DA toxins have been incriminated in causing DA neuronal death in PD. [2] 
Role of c-Abl In pARkInson's dIseAse pAthogenesIs
One of the important hypotheses for pathogenesis of PD is the role of increased oxidative stress in DA neurons of the SN which leads to progressive neuronal loss. This hypothesis is backed by animal studies and also studies on postmortem PD patient's brain. c-Abl nonreceptor tyrosine kinase regulates the proteolytic cleavage of protein kinase C. The activation of protein kinase C by phosphorylation at tyrosine residue leads to the mitochondrial apoptotic pathway cascade activation and further leads to mitochondrial dysfunction and cell death. [3] In genetically inherited PD, mutation in parkin ligase expression gene accounts for 50% of autosomal recessive form of PD and 18% of early-onset PD. Parkin has cytoprotective function by preventing the accumulation of toxic parkin substrates as Aminoacyl-tRNA synthetase-interacting fructose-1,6-bisphosphatase1, multifunctional protein type 2 (AIMP2), and PARkin-interacting substrate (PARIS). [4] Parkin mutation has also been linked to sporadic forms of PD. In animal studies, the knockdown of c-Abl is neuroprotective and prevents neuronal loss in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of PD. By knockdown of c-Abl, there is a suppression of (a) tyrosine phosphorylation of parkin, (b) upregulation of PARIS, and (c) suppression of aminoacyl-tRNA synthetase complex-interacting multifunctional protein 2 (AIMP-2). In brain samples from patients with PD, animal models of α-synucleinopathies, and animal models of MPTP-induced PD, it has been demonstrated that the higher levels of phosphorylated c-Abl are found. [5] Alpha-synuclein protein misfolding and aggregation leads to the formation of LBs which are characteristically seen in PD, DLBD, and multiple system atrophy. In mice studies, injecting lentiviral c-Abl into the SN significantly increases both monomeric and aggregated SNCA levels and this conversely leads to c-Abl activation. [6] This association between c-Abl activation and SNCA accumulation has been demonstrated
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in human postmortem PD striatal specimens. [6] All these suggest that preventing c-Abl activation may be a promising disease-modifying therapy.
tyRosIne kInAse c-Abl InhIbItoR
Tyrosine kinase inhibitors were first used for the treatment of Philadelphia chromosome-positive patients of chronic myeloid leukemia (CML). Imatinib is considered the prototype drug of this group and is considered as the first-line drug for treatment of CML. [7] Nilotinib compared to imatinib has higher potency and increased brain bioavailability and was approved for use in CML by the Food and Drug Administration in 2007.
pReclInIcAl studIes of c-Abl InhIbItoR In pARkInson's dIseAse
In many preclinical studies [ Table 1 ], c-abl inhibitors have been studied to investigate the neuroprotective effects in PD animal models. Studies in transgenic and lentiviral gene transfer models have found that nilotinib accelerates autophagic clearance of SNCA and decreases c-Abl activity. [6] These studies have proved that c-Abl inhibitors have good penetration into brain and have neuroprotective effects which have been demonstrated in animal models, MPTP neurotoxin model, and model induced by lentiviral overexpression of α-synuclein in the midbrain. Imam et al. reported that STI-571, a selective c-Abl inhibitor, prevented tyrosine phosphorylation of parkin [8] In vivo efficacy of Nilotinib in MPTP-induced model of PD in reducing c-Abl activation and the levels of the parkin substrate, PARIS
Nilotinib reduces c-Abl activation and the levels of PARIS, resulting in prevention of DA neuron loss and behavioral deficits following MPTP intoxication No reduction in the tyrosine phosphorylation of parkin and the parkin substrate, AIMP2, suggesting that the protective effect of Nilotinib may, in part, be parkin-independent Ko et al., 2010 [4] To determine whether parkin directly interacts with c-Abl and whether c-Abl can phosphorylate parkin To determine whether c-Abl phosphorylation of parkin modulates parkin's ubiquitination activity, autoubiquitination of parkin was monitored in the presence of kinase-active c-Abl To study whether c-Abl deficiency protects against MPTP-induced DA neuron cell Death in vivo c-Abl phosphorylates tyrosine of parkin, inhibiting parkin's ubiquitin E3 ligase activity and protective function STI-571, a c-Abl-family kinase inhibitor, prevents the phosphorylation of parkin Conditional knockout of c-Abl in the nervous system also prevents the phosphorylation of parkin, the accumulation of its substrates, and subsequent neurotoxicity in response to MPTP intoxication Imam et al., 2011 [5] Effect of oxidative and dopaminergic stress on c-Abl in cultured neuronal cells and in striatum of adult C57BL/6 mice and its effect on parkin and its products Whether STI-571, a selective c-Abl inhibitor, prevented tyrosine phosphorylation of parkin and restored its E3 ligase activity and cytoprotective function both in vitro and in vivo?
Under oxidative and dopaminergic stress, c-Abl was activated in cultured neuronal cells and in striatum of adult C57BL/6 mice Parkin was tyrosine-phosphorylated, causing loss of its ubiquitin ligase and cytoprotective activities, and the accumulation of parkin substrates Tyrosine phosphorylation of parkin by c-Abl is a major posttranslational modification that leads to loss of parkin function and disease progression in sporadic PD STI-571, a selective c-Abl inhibitor, prevented tyrosine phosphorylation of parkin and restored its E3 ligase activity and cytoprotective function both in vitro and in vivo Imam et al. , 2013 [9] Evaluated the efficacy of a potent and clinically relevant second-generation irreversible Abl kinase inhibitor, INNO-406, as a therapeutic agent for PD in a murine PD model Second-generation irreversible Abl kinase inhibitor, INNO-406, is capable of preventing the progression of dopaminergic neuronal damage in a toxin-induced C57 mouse model of PD. given to C57 mice for 1 week before MPTP treatment and then for 1 week after MPTP treatment decreased the loss of dopamine in the striatum by 45% and the loss of TH+ neurons in substantia nigra pars compacta by 40% Hebron et al., 2013 [10] Evaluated the effects of Abl inhibition via Nilotinib treatment on clearance of α-synuclein in transgenic α-synuclein mice models of synucleinopathies Subcellular fractionation demonstrates accumulation of SNCA and hyperphosphorylated MAPT/Tau (p-MAPT) in autophagic vacuoles in SNCA-expressing brains, while Nilotinib treatment leads to protein deposition into the lysosomes, suggesting enhanced autophagic clearance Tanabe et al., 2014 [11] Effect of nilotinib on phosphorylation of both Cdk5 at Tyr15 and DARPP-32 at Thr75 Whether systemic administration of Nilotinib normalizes striatal motor behaviors in a mouse model of PD induced by MPTP?
In mouse striatum, nilotinib inhibits phosphorylation of both Cdk5 at Tyr15 and DARPP-32 at Thr75, which is negatively regulated by dopamine receptor activation through a D2 receptor-mediated mechanism and normalizes striatal motor behaviors MPTP=1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, PD=Parkinson's disease, PARIS=Parkin-interacting substrate, DA=Dopaminergic, AIMP2=Aminoacyl-tRNA synthetase complex-interacting multifunctional protein 2, Abl=Abelson, SNCA=Alpha synuclein, MAPT=Microtubule-associated protein tau and restored its E3 ligase activity and cytoprotective function both in vitro and in vivo. [5] In MPTP-induced model of PD, nilotinib reduces c-Abl activation and the levels of PARIS, resulting in prevention of DA neuron loss and behavioral deficits following MPTP intoxication. Surprisingly, there was no reduction in the tyrosine phosphorylation of parkin and the parkin substrate, AIMP2, suggesting that the protective effect of nilotinib may, in part, be parkin independent. [8] Imam et al. demonstrated that second-generation irreversible Abl kinase inhibitor, INNO-406, is capable of preventing the progression of DA neuronal damage in a toxin-induced C57 mouse model of PD INNO-406 given to C57 mice for 1 week before MPTP treatment and then for 1 week after MPTP treatment decreased the loss of dopamine in the striatum by 45% and the loss of TH + neurons in SN pars compacta by 40%. [9] Hebron et al. evaluated the effects of Abl inhibition via nilotinib treatment on clearance of α-synuclein in transgenic α-synuclein mice models of synucleinopathies and reported enhanced autophagic clearance. [6] All the above preclinical studies have suggested that inhibition of c-Abl may have the potential to modify the clinical course of PD.
clInIcAl studIes of c-Abl InhIbItoR In pARkInson's dIseAse
After getting these findings from the preclinical data, the international committee of PD experts came together twice in 2012 and 2013 to discuss if nilotinib should be taken for a drug-repurposing candidate in PD. [12] Pagan et al. published the results of the clinical trial of nilotinib on PD patients as an abstract at the Society of Neuroscience in Chicago, October 2015. The study enrolled 12 patients, of whom 1 had PD, 5 had DLBD, and 6 had parkinsonian disorder with cognitive deficit, and were randomized into two groups: Group A -nilotinib 300 mg (n = 7) and Group B -nilotinib 150 mg (n = 5). After 24 weeks, compared to baseline, unified Parkinson's disease rating scale (scores decrease by 3.4 points (nilotinib 300 mg) and 3.6 points (nilotinib 150 mg) and the study concluded that nilotinib was safe and tolerated. These benefits disappeared after 12 weeks of cessation of drug treatment, thus raising doubts whether the effects were in first place true to reduced neurodegeneration or not. However, most of the patients developed psychiatric manifestations, such as hallucination, agitation, and paranoia. One patient had myocardial infarction. When cerebrospinal fluid synuclein was measured at 2 and 6 months, the levels were slightly reduced in the group on 150 mg dose and unchanged in the 300 mg dose group. The study had no placebo group and the baseline characteristics of patients were inhomogeneous to begin with in both groups. [13] The drug was all over the newspapers and was termed as the most promising new treatment in PD in decades. There was a media frenzy regarding the results of this small study and the scientific community had concerns regarding the limited data that had not been scrutinized by peer-reviewed research. Many experts raised concerns about the hyperbolic media exposure about results of non-placebo-controlled trial. Nilotinib has a black box warning for cardiac conduction side effects such as QT prolongation and also sudden cardiac death has been reported in patients taking nilotinib.
While c-Abl inhibition is promising in preclinical models, many challenges remain in translating this into human studies. First is the limited blood-brain barrier penetrance of the commonly used inhibitors such as imatinib and nilotinib. The second and most important is to ensure the specificity of kinase inhibition. The nonspecific kinase inhibition may lead to off-target deleterious adverse effects. To sum up, the preclinical and clinical trials definitely give a new direction, to target a molecular pathway that has not been assessed previously for neuroprotection in PD. Large-sized, well-designed trials, vigorously assessing the safety and possible neuroprotective action of nilotinib or newer molecules with similar property, are required to see if the hope can match the hype surrounding this molecule. Researchers worldwide should continue to strive to develop drugs, which are selective and safe, and can arrest the neurodegenerative process ongoing in PD. Only time will tell if this group of molecule will have long-term clinical use in a chronic disease like PD.
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